The relationship between pyrimidine dimers (measured as endonucleasesensitive sites) and newly-synthesized DNA has been examined 1n several different ways, with the following results:-1. After UV-irradiation of normal human fibroblasts the frequency of pyrimidine dimer sites in sections of DNA which have been synthesized immediately before the UV-irradiation 1s similar to that in the bulk DNA. 2. The frequency of pyrimidine dimer sites in the parental strands of replicating DNA in UV-irradiated normal human fibroblasts is similar to that in the bulk DNA. 3. In UV-irradiated XP variant cells the size of DNA synthesized in the presence of caffeine immediately after UV irradiation accurately corresponds with the average interdimer distance in the parental DNA. This suggests that in this experimental situation each pyrimidine dimer gives rise to a discontinuity or a termination site in the daughter strand.
INTRODUCTION
The effect of UV-irradiation on DNA synthesis in mammalian cells is the subject of much controversy (1-4). It has been suggested that after UV irradiation (a) lesions may block the progression of the replication fork completely for long periods (5); (b) synthesis may proceed past lesions after a short delay (6), or (c) the progression of the fork past the lesion may be prevented but it may continue -beyond the lesion leaving a -gap (1,7-9); this might occur in both strands or only in the lagging strand (the strand synthesized in the 3'-5' direction (8,9)). All of these possibilities might well occur under different circumstances.
In some reports it has been claimed that the size of newly-synthesized DNA pieces approximated that of the distance between adjacent pyrimidine dimers in the parental strands (7, 10) . This lent support to the idea that discontinuities might occur opposite the pyrimidine dimers. However, a com-parison of the measurements of interdimer distances with sizes of newlysynthesized DNA 1s subject to a number of errors, making the above-mentioned agreement an extremely approximate one. Finally, Slor and Cleaver have recently published evidence suggesting that the frequency of pyrimidine dimers in the replicating regions of UV-1rradiated HeLa cells was considerably higher than that in the bulk of the DNA (11) .
In the present communication I describe experiments which seek to clarify two of these controversial questions. Firstly, the size of newlysynthesized DNA has been compared with the interdimer distance in UVirradiated human cells. The cell strains used were derived from patients with the variant form of the genetic disorder xeroderma pigmentosum (XPp2). XP variant cells were used, because in earlier work (12,13) we had shown that in these cells low molecular weight daughter strand DNA molecules accumulated in the presence of caffeine after UV irradiation. Measurements of the size of newly-synthesized DNA and the interdimer distance have been carried out in the same experiment using the same techniques, thus overcoming problems involved in measuring absolute rather than relative sizes of molecules. In the second type of experiment, the frequency of pyrimidine dimers in replicating DNA of normal human fibroblasts has been compared with that in the bulk DNA.
MATERIALS AND METHODS (a) Cell strains
The diploid human fibroblasts used in these experiments were the normal strain, 1BR and the XP variants XP4BE and XP30R0.
Cells were grown 1n Eagle's MEM supplemented with 15* foetal calf serum (Flow Labs., Irvine, Scotland).
(b) Radioactivity
For bulk labelling, cells seeded at 10 per 5 cm petri dish were incubated for 2 days with ( C)-thymidine (50 m Ci/mmole).
Pulse labelling was carried out with ( 3 H)-thymidine (20 Ci/mmole).
(c) Measurement of endonuclease-sensitive sites (ESS) The procedure devised by Paterson et aZ (14) was used in modified form as described by .
Labelled cells were scraped off the dishes, resuspended in 0.6 ml 0.1 M-NaCl, 0.1 M-EDTA, 0.01 M-tris-HCl pH 7.6, 18 sarkosyl containing 0.1 mg/ml Proteinase K, and incubated at 37°f or 2h.
The resulting lysate was gently shaken with an equal volume of phenol saturated with 0.1 M-tris-HCl, pH 7.6 and the aqueous layer dialysed against two changes of 10 mM-KPi,l mM-EDTA, pH 7.5, for use with UV-endonuclease fran Micrococcua luteus, or against 10 mM-tris-HCl, 10 mM-EDTA, 0.1 M-NaCl, pH 7.6 for use with T4 -endonuclease V.
In the former case 160 yl of extracted DNA were added to 20 yl of 0.1 M mercaptoethanol containing 60 yg/ml salmon sperm DNA and 60 yl of buffer or of crude extract of M. luteua (fraction II of Carrier and Setlow, 16) .
In the latter case 120 yl of DNA were mixed with 5 yl purified T4 endonuclease V, generously provided by Ms. Pat Seawell, Stanford University.
After incubation for 15 or 20 min the mixture was transferred to 0.1 ml 0.5 M-NaOH, 0.02 M-EDTA layered over a 4.7 ml 5-203! sucrose gradient containing 0.1 M-NaCl, 0.1 M-NaOH. The gradients were centrifuged in a SW50.1 rotor at 38,000 rpm for various times prior to fractionation and processing as described previously (7, 15, 17) . Fresh medium containing 0.3 mg/ml (1.6 mM) caffeine was added to the dishes, and after 30 min incubation ( H)-thymidine was added to give a concentration of 50 yCi/ml. After incubation for 2 h the medium was removed, the DNA extracted from the cells and the frequency of ESS measured as described above.
(f) Isolation of replicating DNA
The procedure used was similar to that of Waters (18). Fifteen 9 cm petri dishes were seeded with 3.5x10 cells (1BR) and incubated for 2 days with 0.04 uC1/ml l4 C-thym1dine followed by 16 h in the absence of label.
The cells were then incubated for 45 min with 1 yM FdUrd, 10 pM BrdUrd, the medium removed and the cells UV-irradiated with a fluence of 6 J m . Fresh medium containing 1 yM FdUrd and 10 yM BrdUrd was added and incubation continued for a further 3 h. The cells were removed from the plates, deproteinized, as described above but in a volume of 5 ml,and phenolextracted three times.
After the third extraction the aqueous layer together with the remaining interphase was carefully removed into dialysis tubing and dialysed against two changes of 10 mM-KP1, 1 mM-EDTA pH 7.5. Solid CsCl was dissolved in the dialysate with as little shearing as possible until the refractive index was 1.4020.
The gradients were centrifuged at 37,000 rpm for 40 h in a 50 Ti rotor.
Approximately 20 fractions were collected and radioactivity in 50 yl samples was counted.
Those fractions containing hybrid and light density DNA were respectively pooled, dialysed against two changes of 10 raM KPi, 1 raM-EDTA, pH 7.5 and assayed for ESS as described above, using the extract of M.luteua.
RESULTS
In all experiments we have measured pyriraidine dimers as endonucleasesensitive sites (14, 19) . The direct chromatographic measurement of _2 pyrimidine dimers after low fluences of UV irradiation (less than 10 J m ) is variable and lacking in sensitivity.
The ESS procedure measures not pyrimidine dimers per ee but sites in the DNA susceptible to attack by the endonuclease preparation used.
It is, however, very sensitive, and the frequency of ESS corresponds with the expected distance between pyrimidine dimers (19) .
Fundamental objections to its use as a measure of pyrimidine dimers would seem therefore to be rather pedantic.
(1) Newly-synthesized DNA in XP variants
In some cell strains the molecular weight of newly-synthesized DNA after UV irradiation is much smaller than that in unirradiated cells, whereas in others it is similar to that in unirradiated cells (1, 2, 6) .
In all cell strains the molecular weight increases with prolonged incubation. DNA synthesized in UV-irradiated XP variants in the presence of caffeine represents an extreme case, in that it is smaller than in any other cell strain, and the caffeine prevents any significant increase in size on further incubation (13) .
XP variant cells were pre-labelled with C-thymidine, UV-irradiated and labelled for 2 h with H-thymidine in the 14 presence of caffeine.
The number of ESS in the C bulk DNA could then be compared directly with the size of the newly-synthesized DNA 1n the same sucrose gradient. Typical profiles of DNA treated with UV endonuclease are shown in Fig. 1 .
The endonuclease had very little effect on the size of the newly-synthesized 3H DNA (profiles from DNA not treated with endonuclease 14 are not shown), but the molecular weight of the C-DNA was reduced by endo-3 14 nuclease treatment such that the resulting H and C profiles were very similar.
The H distribution in all cases had a slightly lower molecular 14 weight than that of the C. This was also the case with the unirradiated cells and is attributable to the newly-synthesized DNA not having attained the size of the bulk DNA during the 2 h pulse-labelling period. In order to take account of this, in The number of ESS calculated from these profiles is^iown in Table 1 . It is evident from the 3 14 superimposability of the H and C profiles in Fig.3 and the similarity of the number of ESS in the 3 H and 14 C-DNA in Table 1 that the numbers of ESS in the bulk and pulse-Jabelled DNA are very similar.
14, (b) Parental DNA in replicating regions.
Cells bulk-labelled with C-thymidine were density-labelled with BrdUrd immediately before and after UV irradiation (6 J m ).
Replicated DNA was separated from unreplicated DNA on neutral CsCl gradients.
A typical profile is shown in Fig. 4 . The replicated DNA in all experiments was represented by a small but distinct The DNA was extracted with minimal shearing and centrifuged on a neutral CsCl gradient at 37,000 rpm for 40 min.
The solid bars • indicate the fractions which were pooled for determination of ESS.
taining the heavy side of the hybrid peak, and the two fractions from the main band DNA were respectively pooled (see Fig.4 ), dialysed and assayed for ESS.
Sucrose gradient profiles and the number of ESS calculated from them, are shown in Approx. total cpm for unreplicated DNA (a) 4,000, for replicated DNA (b) 600.
The numbers show number average molecular weights of DNA treated without (-) or with (+) UV endonuclease, and the ESS calculated from these molecular weights.
of ESS in replicated and unreplicated DMA in three separate experiments.
DISCUSSION
The nature of the events occuring at the replication fork in UV-irradiated mammalian cells remains as confused now as at any time previously (3). Early work on daughter strand (postreplication) repair suggested that the size of daughter strand DNA approximated the interdimer distance in the parental strands (7,10). Dimers were measured chromatographically, and using a number of assumptions the average interdimer distance was calculated. The size distribution of daughter strands was measured on alkaline sucrose gradients. The latter procedure offers an excellent way of comparing the sizes of two DNA samples but is a less accurate means of measuring the absolute sizes of DNA molecules. In other cell systems the daughter strands were clearly considerably greater than the interdimer distances (6). We have used XP variant cells in which, after UV-irradiation, the daughter strands are as small or smaller than in other systems (13) 5 (and discussed below) , the frequency of pyrimidine dimers in replicating regions (i.e. the ones which presumably cause UV-induced interruptions) were the same as that in the bulk DNA. My experiments also demonstrate that 1n XP variants the size distribution of daughter strands is unimodal and very similar to that of the interdimer distances. This Implies that UV-induced interruptions in these cells occur on both daughter strands, and not just on the lagging strands (growing in the 3'-5' direction), as suggested by the work of Meneghini et at using a transformed excisiondefective XP cell line (9).
The results of these experiments pertain only to XP variants and cannot necessarily be extrapolated to other cell strains, in which the size of daughter strands is often considerably greater than in XP variants under comparable conditions (6,13). They also do not by themselves give any information on the continuing controversy as to the nature of the UV-induced interruptions in the daughter strands, i.e. whether they are gaps with synthesis continuing beyond, or more permanent blocks. This has been discussed extensively elsewhere (1-5, 21 ) and must be considered unresolved. At present there seems to be good evidence for both gaps and blocks occurring under different circumstances.
In order to relate the frequency of dimers in the parental strands to the size of the daughter strands, it is essential to know the frequency of dimers 1n the replicating regions of the DNA. Slor and Cleaver (11) recently reported that the frequency of pyrimidine dimers 1n replicating regions after _2 irradiation of HeLa cells with 18 J m was some threefold greater than that in the bulk DNA. Using normal human fibroblasts, a lower UV fluence and a different procedure for measuring pyrimidine dimers, we have not been able to reproduce the observation of Slor and Cleaver. In normal fibroblasts we found that the frequency of pyrimidine dimers was very similar in the bulk DNA, in parental DNA in replicating regions and in the daughter DNA synthesized Immediately before UV-irradiation. There are a number of possible reasons for this discrepancy.
(1) Different cell lines were used. Slor and Cleaver used HeLa cells, we used diploid human fibroblasts.
(2) Different labelling conditions and UV fluences were used. In our hands more than 0.05 yCi/ml H-thymidine (10 M)prevented cell division and 18 J m" of UV light reduced DNA synthesis to very low levels in normal fibroblasts. Slor and Cleaver, in contrast, appear to have obtained replicated DNA from HeLa cells after this UV fluence and using 1 yCi/ml of high specific activity thymidine.
(3) Assay for dimers. The direct measurement of pyrimidine dimers in replicated DNA, as carried out by Slor and Cleaver is not a practicable procedure with normal human fibroblasts -the number of cells required would be prohibitive. We therefore used the ESS procedure, which has been shown to provide an accurate measure of the frequency of pyrimidine dimers. (The possibility that the UV-endonuclease is not active on dimers in the light strand of hybrid DNA is rendered unlikely by the experiments of Waters (18).) (4) Fractionation of replicated DNA. Using our procedure the DNA in the hybrid fractions represented approximately 3% of the total DNA (Fig. 4) . Slor and Cleaver do not provide comparable data for their results. It is conceivable, though rather unlikely, that a fraction of the replicated DNA containing a high frequency of pyrimidine dimers was for some reason lost in the procedures we used but not in those of Slor and Cleaver.
Our results confirm those of Clarkson and Hewitt (20) , who found similar frequencies of ESS in replicating and bulk DNA in Chinese hamster CHO cells, using a procedure similar to ours but with much shorter labelling periods.
He conclude that the observations of Slor and Cleaver are not generally applicable.
